2,6-Dinitrophenol (2,6-DNP) complexes with lanthanide series including yttrium (except Pm, Tm, and Lu) have been synthesized and their crystal structures have been analyzed by X-ray diffraction methods. Singlecrystal X-ray structure determinations have been performed at 296 K on the Ce→Yb species and shown them to be isomorphous, triclinic, P , a = 8.6558 (2) , Z = 2. In Ln(III) complexes, three 2,6-DNP ligands coordinate directly to the metal ion in the bidentate fashion. The nine coordinated Ln(III) ion forms slightly distorted tri-capped trigonal prism. There are no water molecules in the crystal lattice. The dependences of metal to ligand bond lengths are discussed on the atomic number of lanthanide elements. The thermal properties of lanthanide complexes of 2,6-DNP have also studied by TG-DTG and DSC thermal analysis methods.
Introduction
As potential applications of lanthanide complexes have been increased in various fields, the studies to understand the coordination structure and develop novel complexes of lanthanide ions in both solution and solid states have notably revived.
1
The molecular structures of lanthanide complexes of picric acid have been thoroughly studied through the series of lanthanide elements by Horrowfield et al. 2 It has been found that the coordination environments around the metal ions for the lanthanide complexes are different between the lighter members and heavier members of lanthanide series. It has been well known that thermodynamic parameters for lanthanide complexation in aqueous solution vary with the cationic radius and the change of the coordination number around the element gadolinium. 3 We have reported the crystal structures and thermal properties of some lanthanide complexes of 2,6-DNP and picric acid. 4 It showed that the coordination behavior of 2,6-DNP is quite different with that of picric acid. Compared to the picric acid, the absence of nitro group at para position on 2,6-DNP makes the nitro group at ortho position of the phenolate be involved strongly in the chelate formation.
As the study to confirm the effect of the cationic radius and the coordination behavior of the nitrophenols in a series of lanthanide complexes of 2,6-DNP in solid state, we have now completed the determination of crystal structures and thermal decomposition parameters for the whole series (except Pm, Tm, and Lu) of lanthanide complexes of 2,6-DNP.
Experimental
Preparation and analysis of the complexes. The preparation and analysis of the complexes are same as that reported previously. 4, 5 The chemical analysis of the complexes was performed with a CE Instruments EA-1110 elemental analyzer and Jobin-Yvin Ultima-C inductively coupled plasmaatomic emission spectrometer, respectively. Pr: C, 29.05; H, 2.03; N, 11.29; Pr, 18.93. Found: C, 29.61; H, 1.89; N, 11.12; Pr, 18.87. Anal. calcd. (%) for C 18 H 15 N 6 O 18 Sm: C, 28.68; H, 2.01; N, 11.15; Sm, 19.95. Found: C, 29.22; H, 1.83; N, 11.03; Sm, 19.92. Anal. calcd. (%) for C 18 H 15 N 6 O 18 Eu: C, 28.62; H, 2.00; N, 11.13; Eu, 20.12. Found: C, 29.60; H, 1.82; N, 10.98; Eu, 20.01 Gd: C, 28.42; H, 1.99; N, 11.05; Gd, 20.67. Found: C, 29.24; H, 1.85; N, 10.98; Gd, 20.58 Yb: C, 27.85; H, 1.95; N, 10.82; Yb, 22.29. Found: C, 27.72; H, 1.85; N, 10.79; Yb, 22.23 .
X-ray crystallography. The epoxy-coated crystal was mounted on a Bruker SMART APEX II X-ray diffractometer equipped with a graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) and a CCD area detector. The intensity data were collected in the phi and omega scan mode with operating 50 kV, 30 mA at 296 K. 6 The data reduction was performed using the SAINT and SADABS programs. All calculations in the structural solution and refinement were performed using the Bruker SHELXTL program. 8 The structure was solved by the heavy atom method and refined by full-matrix least-squares methods. All the non-hydrogen atoms were refined with anisotropically; the hydrogen atoms were geometrically positioned and fixed with the isotropic thermal parameters. The crystallographic data and detailed information of structure solution and refinement are listed in Table 1 .
Crystallographic data for the structure reported here have been deposited with the Cambridge Crystallographic Data Centre 680576, 680577, 680578, 680579, 680580, 680581, 680582 , and 680583 for Ce(III), Pr(III), Sm(III), Eu(III), Gd(III), Dy(III), Ho(III), Er(III), and Yb(III) complexes, respectively). The data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/ retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).
Thermal analysis. The thermal decomposition of the complex was investigated on a Mettler-Toledo TGA 50 apparatus and Mettler-Toledo DSC model 821 e apparatus. The experimental procedure for the thermal analysis is similar to that described previously. 
Results and Discussion
The crystal data for 2,6-DNP complexes of the lanthanide series (except Pm, Tm, and Lu) along with yttrium are given in Table 1 . They are all appeared to be triclinic, , similar unit cells, suggesting an isomorphous iso-structural series, except lanthanum complex which is Z = 1 dimeric structure.
The variations in unit cell dimensions throughout the series are generally monotonic in consequence of the lanthanide contraction with a decrease in the volume. The lanthanide complexes appeared to be tri-hydrated neutral complexes [Ln(2,6-DNP) 3 (H 2 O) 3 ] except the lanthanum complex.
There are no water molecules in the outer sphere of the complexes. An ORTEP diagram of the molecular structure for the holmium complex as an example is presented by the atom numbering scheme in Figure 1 . 
P1
Reflections The crystal structure of lanthanum complex of 2,6-DNP has shown to be an unique octa-hydrated dinuclear complex whose stoichiometric chemical formula is [La 2 (2,6-DNP) 6 (H 2 O) 4 ]·4H 2 O 4c . As we discussed previously for 2,6-DNP complexes of Nd(III), Tb(III), and Y(III) ions, 4 the structural feature of complexes is the presence of three 2,6-DNP ligands coordinated in bidentate fashion directly to the metal ion also for the rest of lanthanide ions. The skeletal structure around the Ln(III) ion forms a slightly distorted tri-capped trigonal prism. The oxygen atoms of nitro groups, O n (9, 29, 49) lie close enough to the metal atom to be considered to have a significant bidentate interaction. Therefore, Ln(III) ion forms three six-membered chelate rings with each 2,6-DNP through an O n (9, 29, 49 ) atom of the nitro group and an O p (7, 27, 47) Figure 2 shows the coordination polyhedron of the Ho(III) ion of the complex as an example.
The selected bond lengths and angles for the complexes are listed in Table 2 . As "so called" the lanthanide contraction, the cationic radii decreases linearly with the increase of atomic number through lanthanide series. 9 Since the metal to ligand bonds in lanthanide complexes are predominantly electrostatic, the linear relationship must be reflected on the bond lengths between metal and ligand of lanthanide complexes. The trends of the variations of the bond lengths for the coordinated water molecules, Ln-Ow(1,2,3) and for the coordinated phenolates, Ln-O p (7, 27, 47) are consistent with the lanthanide contraction. The bond distances between metal and oxygen atoms are very close each other in a given metal for coordinated water molecules and phenolates. For the coordinated water molecules, Ln-O w (1,2,3) all contract noticeably and uniformly in the range of 2.473(1)-2.287(2) Å for Ln-Ow(1), 2.498(2)-2.333(2) Å for Ln-Ow(2), and 2.524(1)-2.356(2) Å for Ln-Ow(3). For the coordinated phenolate groups, Ln-O p (7, 27, 47) all contract fairly uniformly in the range of 2.346(1)-2.183(2) Å for Ln-O p (7), 2.371(1)-2.222(2) Å for Ln-O p (27), and 2.409(1)-2.244(2) Å for Ln-O p (47). Figure 3 shows fairly the linear variations of the bond lengths for the coordinated water oxygen and phenolate oxygen across the lanthanide series, reflecting that metal to ligand bonds are predominantly electrostatic for the coordinated water and phenolate.
Of particular interest with the coordination sphere of the metal atom is the role of the ortho-nitro groups of the (1)-2.588(2) Å for Ln-O n (49). However, for the third coordinated nitro group, the Ln-On(9) distances decrease in lighter lanthanide family (from 2.747(2) Å of Ce-On(9) to 2.710(2) Å of Gd-O n (9)) and then increase in heavier lanthanide family (from 2.710(2) Å of Gd-O n (9) to 2.795(2) Å of Yb-O n (9)). Figure 4 shows the plots of Ln-O n bond lengths against atomic numbers of lanthanide elements. One of the three nitro groups bonds rather weakly to the metal ion (Ln-O n (9)). Ln-O n (9) are ca 0.01-0.20 Å longer then Ln-O n (29) or Ln-O n (49). So called "Gadolinium break", which reflects the tendency to change the coordination number from nine to eight, is clearly appeared in one of the plots (square dot). However, strong ability of 2,6-DNP to make the chelate with the metal ions leaves the coordination number unchanged in the lanthanide series, unlikely with the picrate complexes. Thermal analysis data (TG-DTG and DSC) for the 2,6-DNP complexes of La(III), Nd(III), and Tb(III) ions had been obtained and discussed previously. 4c We now completed the thermal study for the rest of the 2,6-DNP complexes of lanthanide series (except Pm, Tm, and Lu). It is appeared the thermal decomposition mechanism for the complexes are all same as that suggested previously. 4c It was suggested that the thermal decomposition reaction of the complexes occurs through three stages under the experimental conditions, which are the dehydration, the decomposition of metal complex with the explosion of 2,6-DNP, and the formation of the metal oxide.
The dehydration and explosive decomposition energies of the complexes were calculated from DSC data. Table 3 lists the dehydration and explosive decomposition energies of the complexes along with the maximum peak temperatures. It is again found that there are the "Gadolinium break" both in the dehydration and decomposition energies.
We have reached following conclusions. The coordination number of the complexes are unlikely constant as nine across the series. The bond lengths between the cations and oxygen atoms of the coordinated water molecules and phenolate groups varies linearly across the lanthanide series with one exception, reflecting "so called" the lanthanide contraction. However, the dependency of the bond length of the weakest bond between the cation and nitro groups on the atomic numbers of the series are broken at Gadolinium as known so called "Gadolinium break", which is generally appeared in thermodynamic parameters of the lanthanide complexation. "Gadolinium break" is also observed in the dehydration and decomposition energies of the 2,6-DNP complexes of lanthanide series.
